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obtained enhancements of 9 % on thermal 153 conductivity and observed a weak dependence of this property on temperature. 154 155
Viscosity is another relevant transport property needed in many practical applications of ILs that 156 include the formulation of stable electrolytes, lubrication, and solar cells. Their application is however 157 precluded by their high viscosity. A novel method to reduce the viscosity of ILs consists in the 158 addition of small amounts of MWCNTs. Wang et al. [11] have studied the rheological behaviour of butyl-3-methylimidazolium hexafluorophosphate ([C 4 C 1 viscosity of these IoNanofluids was lower than that of pure IL especially for high shear rates, and this 164 behaviour was attributed to some self-lubrication of F-MWCNTs. Another important study was made 165
by Neo and Ouyang [12] who were able to reduce the viscosity of 1-propyl-3-methylimidazolium 166 iodide with carboxylic group F-MWCNTs. The viscosity of the IL decreased from 1380 mPa·s to 400 167
MPa·s at T = 298.15 K after a load of 0.1 wt % of the F-MWCNTs. This study also showed that the 168 blends of MWCNTs with the IL only decrease the viscosity of the IL with loadings up to 0.1 %, and 169 that above this concentration the viscosity raised abruptly to about four times that of the pure IL. 170 171 Castro et al. [9] have measured the temperature dependence of heat capacity of IoNanofluids made 172 by 1-butyl-3-methylimidazolium hexafluorophosphate (or [C 4 C 1 The raw multiwalled carbon nanotubes (MWCNT) were purchased to Shenzehen Nanotech Port Co. 209 Ltd, with the following specifications: outer diameter of (50-80) nm; length of 10-20 μm; ash < The thermal conductivity was measured using a KD2 Pro (Decagon Devices). The measurement 226
principle was based on the hot-wire method. The sensing probe was 1.3 mm diameter and 60 mm long, 227
with an accuracy of 5% from 0.2 -2 W·m -1·K -1 and ± 0.01 W·m -1 ·K -1 from 0.02 -0.2 W·m -1 ·K -1 . The 228 sensing probe containing a heating element and a thermoresistor was inserted vertically into the sample 229
to minimize the possibility of inducing convection. A volume of sample of ~20 ml was inserted in a 230 double jacketed bottled. Through the use of this double jacketed bottled it was possible to control the 231 sample temperature by the use of a circulating thermal bath. The measurement was made by heating 232 the probe within the sample while simultaneously monitoring the temperature change of the probe. A 233 microcontroller, connected to the probe, was used to control the heating rate, measure the temperature 234 change data, and calculate the thermal conductivity based on a parameter-corrected version of the 235 temperature model given by Carslaw and Jaeger for an infinite line heat source with constant heat 236 output and zero mass, in an infinite medium. The thermal conductivity was measured for temperatures 237 ranging from 283 to 353 K. At least 10 measurements separated by 15 min were taken at each 238 temperature. 239
Viscosity measurements were carried out using a controlled stress rheometer (Haake model RS1). 240
The rheological tests were made with a Rotor PP20 Titan sensor and using the ThermoHaake which may alter the thermal conductivity. Some authors studied the influence of water content in 281 thermal conductivity, and they observed an increasing of the thermal conductivity with water content. 282
Ge et al.
[4] reported a water content of 800x10 -6 in the [(C 6 ) 3 PC 14 ][NTf 2 ] samples. This is appreciably 283 more than the water found in our samples, but this difference should not explain by itself the difference 284 in thermal conductivity. Ge et al. [4] showed that for imidazolium ILs the addition of small amounts of 285
water, up to a mass fraction of 0.01, had no significant effect on the IL thermal conductivity and that 286 above this mass fraction, the thermal conductivity of the mixture increases always less than the mass 287 fraction average of the thermal conductivities of the pure components. It is interesting to observe in 288 figure 1 a similar effect for 1-butyl- that the volumetric fractions of the IoNanofluids studied by Castro et al. [9] were in the range 322 φ = (6 to 7)%, which corresponds to 70 to 140 times higher than the values used in our work.
323
Therefore, we conclude that phosphonium Ionic Liquids are suitable base fluids to be used in thermal 324 conductivity enhancement with MWCNTs. 325 326
The prediction of thermal conductivity of ILs is very important for the reasons mentioned above. 327
The predictive methods are scarce but some pioneer work has been devoted to this issue. Tomida Curiously, they obtained a single common linear trend, suggesting that the thermal conductivity of the 355 studied ILs at the above mentioned temperature can be predicted from 356 
where ρ 0 , ρ 1 and ρ 2 were obtained by fitting selected experimental density data for the several ILs taken 369 from the references also given in table 4. The thermal conductivities of ILs of this work and from other 370 sources at the same temperature were obtained from equation (1) . In figure 4 , it can be seen that the 371
ILs with ring cations (alkylimidazolium and pyrrolidinium) define a separate trend when compared to 372 the linear quaternary ammonium and phosphonium ILs, and that the tendencies are somewhat 373 independent of the anions. Therefore we propose two linear equations: 374
for ring cations and for linear quaternary alkyl ILs, respectively. The standard deviations for the 377 fittings are σ (ring) = 3.90 g 2 ⋅cm -3 ⋅W⋅m -1 ⋅K -1 and σ (quaternary) = 2.99 g 2 ⋅cm -3 ⋅W⋅m -1 ⋅K -1 . Table 4 378
and figure 4 show that the linear correlation given by equation (5) pointed out that the major mechanisms responsible for the enhancement of thermal conductivity in 429
nanofluids are the effect of surface chemistry and the structure of the interface particle/fluid. Xie et al. 430 [55] studied the effect of the interfacial nanolayer on the enhancement of thermal conductivity with 431 nanofluids. A nanolayer was modelled as a spherical shell with thickness t around the nanoparticle. 432
The nanolayer thermal conductivity was assumed to change linearly across the radial direction, so that 433 it is equal to thermal conductivity of the base liquid at the nanolayer-liquid interface and equal to 434 thermal conductivity of the nanoparticle at the nanolayer-nanoparticle interface. The prediction of the 435 thermal conductivity of nanofluid following Xie et al.
[55] is made by the following equations 436 437
where k NF and k IL are the thermal conductivities of nanofluid and base fluid (IL), respectively, and 440 441
where subscripts IL, l, p refer respectively to the IL (base fluid), the nanolayer and to the particle 444 (CNTs), and 445 446
where k l and k p are the thermal conductivities of nanolayer and particle, respectively. The total volume 449 fraction of nanoparticles and nanolayers φ T is 450 451
where γ=t/r p and r p is the radius of nanoparticles. k l is defined as 454 455
The studies regarding why and how the liquid layers are formed are very limited. There is also a lack 462 of detailed examination of properties of these layers, such as their thermal conductivity and thickness. 463
Since ordered crystalline solids have normally much higher thermal conductivity than liquids, the 464 thermal conductivity of such liquid layers is believed to be higher than that of bulk liquid. The 465
thickness t of such liquid layers around the solid surface can be estimated by [56] the following 466 equation, 467 468 where η ∞ , τ 0 , and λ are constitutive coefficients. The coefficient η ∞ is the upper shear rate limit for 551 viscosity (or limiting high shear rate Newtonian viscosity). In many cases, this means that after this 552 limit the fluid behaves like a Newtonian fluid and non-Newtonian models should reach the Newtonian 553 viscosity. The parameter λ is a shear rate modifier which prevents the singularity and computation of 554 unreal viscosity when γ approaches zero and its use increases the accuracy of the model, especially 555 within low shear rate ranges. The parameters η ∞ , τ 0 , and λ were obtained by fitting equation (15) One of such samples was used in the thermoanalytical measurements as received after being washed as 568 described in section 2.1; the other (washed) sample was submitted to a thermal treatment consisting in 569 a 2 K·min -1 heating ramp up to T = 493 K, and an isothermal stage at this temperature for 5 min. It can 570
be observed that the sample as received exhibits two mass loss stages within well separated 571 temperature intervals, suggesting two independent steps. The first mass loss of 5.4 % is observed in the 572 approximate temperature range 370 K to 500 K (extrapolated onset temperature, T on , of 429 K). This 573 event should correspond to the loss of the main impurity characterizing the raw sample, viz. tris-2,4,4-574 trimethylpentyl phosphine oxide, whose removal by simple washing seems not to be possible. The 575 actual decomposition of [(C 6 ) 3 PC 14 )][Phosph] in an almost pure state occurs within the temperature 576 range 513 K to 613 K (T on ~ 555 K). In fact, including in the discussion the thermo-analytical results of 577 the preheated sample, it can be observed in figure 8 that the thermal decomposition profile of the IL 578 itself is not affected by the impurity it contains. Above T = 500 K, the thermo-analytical curves of both 579 samples (without and with thermal treatment) are essentially overlapped, as can be checked from some 580 pertinent points obtained from the thermo-analytical curves summarized in table 6. In short, 581
[(C 6 ) 3 PC 14 )][Phosph] is a thermally stable IL, which, under the conditions of this study, start to 582 decompose above T = 513 K and exhibits an one step decomposition thermo-gravimetric profile. 583
The results in figure 9 and in et al. [9] . It is advisable that more work be done with phosphonium ILs to confirm the results found in 631 this work using both lower and higher nano-additive loadings. 632
Another important study concerning heat capacity of (IL+MWCNT) systems was made by Wang et 633
al.
[65] whose work reports different results when compared with our results and those from Castro et 634 al. [9] . independent competing intermolecular mechanisms. One of these considers that nanoparticles have 643 higher specific heat capacity individually than when they are in bulk conditions. The surface atoms in 644 the lattice of the nanoparticle are less constrained due to the fewer number of bonds. Therefore the 645 surface atoms vibrate at a lower frequency and higher amplitudes resulting in higher surface energy. 646
The second mechanism involves the solid-fluid interaction energy. The CNT particles have high 647 surface area per unit mass and this cause an anomalous increase in the interfacial thermal resistance 648 between the nanoparticles and surrounding liquid molecules. This high interfacial thermal resistance 649 should act as additional heat storage due to the interfacial interaction of the vibration energies between 650 nanoparticle atoms and the interfacial molecules. The third mechanism is due to a semi-solid layer 651
formation. The liquid molecules adhering on the surface of the CNTs have a semi-solid behaviour and 652 enhance specific heat capacity due to the smaller inter-molecular spacing similar to the nanoparticle 653 lattice structure on the surface (compared to the higher inter-molecular spacing in the bulk liquid). 654
Such a layer of semi-solid molecules would not exist in the absence of the nanoparticles. The thickness 655 of this adhesion layer of liquid molecules would depend on the surface energy of the nanoparticle. 656
These semi-solid layers usually have higher heat capacity than the bulk liquid and therefore contribute 657 to increasing the effective specific heat capacity of nanofluid. Molecular dynamics studies 658 demonstrated the existence of the semi-solid layer surrounding nanoparticles [67] . Also TEM images 659 showed the experimental evidence for ordering of liquid molecules on the interface between liquid 660 molecules and nanoparticles [68] . The molecular dynamics results show that the semi-solid layer of 661 liquid molecules on a crystalline surface is constrained to a region that is 2-5 nm in thickness. 662
According to Shin and Banerjee [66], the number of adhered layers of the liquid molecules is expected 663
to be a function of the surface energy of the crystalline interface. Also for a given mass fraction of the 664 nanoparticles, an optimum size of the nanoparticle can be expected to exist in order to maximize the 665 mass fraction of the adhered molecules from the liquid-phase, forming the semi-solid layer thus 666 providing an optimum in the enhancement of the specific heat capacity of the nanofluid. In addition, 667 the optimum concentration of the nanoparticles can be a function of the nanoparticle nominal size or 668 the size distribution of the nanoparticles. 669 670
The where C p(NF) is effective specific heat capacity of the nanofluid, C p,(f) is specific heat capacity of the 675 base fluid, C p,(p) is specific heat capacity of the particle, φ p is volume fraction of the particle, φ f is yjr 676 volume fraction of fluid, ρ p is the density of the particle, and ρ f is the density of fluid, is not suitable to 677 describe the behaviour of (IL+ MWCNT) IoNanofluids referred in this section. Equation (17) behaviour of bulk graphite powder, and that their values were much higher than those for highly 700 ordered and aligned MWCNT(A). This behaviour is presented in figure 10a . Since the heat capacity of 701
MWCNT is less than one half than the IoNanofluids, possibly the first of the three before mentioned 702 mechanisms can be of small importance in the heat capacity enhancement. 703 704 705 706
4. Conclusions 707 708
The values of the thermal conductivity of four quaternary phosphonium ILs were determined over the 709 temperature range T = (280 K to 360) K, and at atmospheric pressure, using the transient hot-wire 710 method with an uncertainty estimated less than ± 0. The experimental uncertainty in the values of thermal conductivity is less than ± 0.01W m -1 K -1 . The experimental uncertainty in the temperature is ± 0.01K.
TABLE 3
Fitting parameters, k 0 and k 1 , of equation (1) for the thermal conductivity of the studied ILs and IoNanofluids.
ILs and IoNanofluids
k 0 ±σ k0 /(W·m -1 ·K -1 ) (k 1 ±σ k1 )10 4 /(W·m -1 ·K -2 ) σ a / (W·m -1 ·K -1 )
[ 
TABLE 6
Characteristic quantities obtained from HRMTGA curves (2 K·min -1 ; amplitude of modulation: ± 5ºC; period of modulation 200 s). T on : extrapolated onset temperature; T p : peak temperature(s) (DTG curves) corresponding to the main mass loss stage; m r : residual mass at T = 873 K.
Sample
T ILs and IoNanofluids c 0 /(J·K -1 ·g -1 ) c 1 10 3 /(J·K -2 ·g -1 ) c 2 10 6 /(J·K -3 ·g -1 ) σ a /(J·K -1 ·g -1 )
